Ninety Merino weaner sheep were assigned to one of six groups on the basis of liveweight and liver copper concentrations.
Introduction
There is mounting evidence that oral dosing of copper oxide as cupric oxide particles or oxidized copper wire particles is the most effective method for prophylaxis in copper inadequacy in ruminants (Deland et al. 1979; Suttle 1979 Suttle , 1981 Whitelaw et al. 1980 Whitelaw et al. , 1982 Judson et al. 1981; Murphy et al. l98l) . This work extends the study by Dewey (1977) who showed that a considerable elevation of copper concentration in the liver of sheep will result from a single oral dose of l0 g cupric oxide particles. It is suspected that the copper particles are retained in the abomasum long enough to permit acid solubilization of the copper. Apparently this release of copper is slow, which is advantageous to the sheep for it reduces the risk of copper toxicity.
The present study was undertaken to help determine the optimum oral dose of oxidized copper wire particles that could be administered to sheep, to compare the efficacy of this form of copper supplementation with subcutaneous injections of commercially available copper, and to assess any deleterious effect of oxidized copper wire particles on the health of the sheep.
Materials and Methods

Location Details
The site chosen, Kybybolite Research Centre, is in the south-eastern area of South Australia. The mean annual rainfall at the C€ntre is 550 mm, with a high incidence in winter. The soils are a sandy loam (about 30cm in depth) overlying an impervious clay described as Dr3.43 (Northcote 1979\ .
The sheep were restricted to a paddock with established pasture, predominantly of subterranean clover (Trifolium subtetaneum) with ryegrass (Lolium rigidum) and volunteer species of barley gtass (Hordeum spp.) and cape weed (Arctotheca calendula). The pasture received a single dressing of copper sulfate at 4 kg ha-l in 1959 and 140 g ha-1 of sodium molybdate in 1968.
Animals
Merino ewes and wethers, weaned in September 1980, grazed as a single flock for about 2 months before they were allocated to treatment groups. The weaners were grouped within sex and assigned to one ofsix groups, each of 15 animals, on the basis ofliveweight and liver copper concentrations taken 2 weeks before treatment. On 18 November 1980 sheep in four groups each received one of the four doses of oxidized copper wire particles, viz.2'5,5, 10 or 20g per animal. The oxidized wire was given loose through a plastic tube inserted down the oesophagus and any residual particles remaining in the tube were washed into the rumen with water. The copper particles were mostly less than 5 mm long and of about I mm diameter, although there were some other sized particles of variable length and thickness. The treated particles had an average specific gravity of 8'1 and an oxidized copper content of about 2l% (wlw). Sheep in the fifth group received a subcutaneous injection of copper, as diethylamino cupro-oxyquinoline sulfonate (Cujec, ICI Australia Pty Ltd) at the commercially recommended dose of 12 mg copper per animal, and the final group of sheep did not receive any copper supplement and will be referred to as the 'Nil' group.
The sheep grazed as a single flock at a set stocking rate of six sheep per ha. The sheep were treated with a broad spectrum anthelmintic on 10 September 1980 and then at 4 and 28 weeks after copper treatment. The liveweights of sheep were recorded and blood and liver biopsies were collected from all animals prior to copper treatment and then at 4, 10,20,31and 50 weeks after copper treatment.
Pasture Sampling
Subterranean clover formed the basis of the pasture and was therefore sampled for copper and molybdenum analysis. . Each sample, consisting of 20 plants, was collected at random from the paddock at frequent intervals (depending on pasture growth) during the experimental period of I year. The samples were dried at 80'C prior to grinding in a stainless steel mill. Samples of supplementary feed were also retained for copper and molybdenum analysis. Supplementary feed was given from week 6 until week 27 of the trial at the rate of I kg oats and I kg hay per week to each animal.
Blood and Tissue Sampling
About 20 ml blood were collected from the jugular vein into plastic tubes, allowed to clot at room temperature and centrifuged at 15009 to obtain serum. Liver biopsies, obtained by the technique of Dick (1952) , were placed in plastic tubes and dried at 60'C for 48 h.
At the first sampling after copper treatment, which was week 4 of the trial, four ewes in the Nil group and their peers in each of the other treatment giroups, as determined by initial body weight and liver copper concentration, were slaughtered for detailed examination. The intestinal tract of these sheep was exposed immediately after death and secured at several sites to prevent movement of intestinal contents. The tract was examined lor the presence of oxidized copper wire particles and residue particles of copper wire.
The entire liver was removed and weighed. Samples of liver, kidney cortex and skeletal muscle (M. semimembranosus) were placed in plastic containers, dried at 60"C prior to milling in a stainless steel mill and used for trace element analysis. The dry matter content (%) of liver samples was noted so that total dry weight of liver could be determined.
Tissue sections for histological examination were taken from the liver, kidney, abomasum and duodenum and fixed in lol buffered formalin.
Analytical Techniques
Serum constituents
After deproteinizing one volnme of serum with two volumes of 0'6 rr,r trichloracetic acid, copper and zinc concentrations in the supernatant were determined by atomic absorption spectrophotometry (Varian AA-775, Varian Techtron Pty Ltd). Serum pepsinogen was assayed by the method of Horne and , creatine kinase was assayed by using the NAC-Boehringer kit @oehringer Mannheim Australia Pty Ltd), and gamma glutamyl transpeptidase was assayed by the method recommended by the Committee on Enzymes of the Scandinavian Society for Clinical Chemistry and Clinical Physiology (Stromme et al. 1976 ).
Tissue and feed trace elements
Representative dried samples of about 0.1g of feed or tissue samples were digested by heating with 2 ml of an acid mixture containing 10 vol nitric acid, I vol perchloric acid and 1 vol sulfuric acid, The residual ash-sulfuric acid mixture was made up to 5 ml with glass-distilled water before assay of copper and zinc by atomic absorption spectrophotometry. Pasture molybdenum concentrations were determined as described by Binetey (1959) . An external quality control sample (National Bureau of Standards, U.S.A.) was included with each batch of tissue assays @ovine Liver SRM 1577) and pasture assays (Orchard Leaves SRM 1571).
Histology
The tissue samples were dehydrated in alcohol and then passed through a series of xylol baths to remove the alcohol. Paraffin-embedded tissues were sectioned at 5 pm and stained withhaematoxylin and eosin for light microscopy.
Statistical Analyses
Mean values of liveweights and liver copper concentrations were examined by two-way analysis of variance and differences between means tested by Duncan's multiple range test (Duncan 1955 ). Other data were tested by one-way analysis of variance. 
Results
Lioeweight and Pasture
Copper treatment had no effect on liveweight of the sheep (P > 0'05) at any stage during the trial. During the trial the mean liveweight increased frorn 30 to 47 kg.
The mean concentrations of copper in grazed clover samples did not change during the trial, although molybdenum concentrations varied (Table l) . The copper and molybdenum concentrations in the supplements of hay and oats are also given in Table l . The comparative sampling of other pasture species usually gave similar copper to molybdenum ratios as observed for clover.
Copper Accumulqtion
Mean serum copper concentrations in sheep varied from l0 to 19 pmol/l (see Table 2 ). The administration of Cujec or copper oxide (CuO) particles had no effect on these copper values except at the last sampling, when the mean value of 18 pmol/l for sheep each given 20g CuO was greater (P < 0'05) than the mean of l0pmol/l for sheep in the Nil group. 16+2(rr) 13 + 2(1 1) r .9 + 0.2(1 r) 18+5(ll) 14+2(rr) 2.1 + 0.5(l 1) A Numbers in parentheses are the number of animals except where indicated in body of Table. Mean liver copper concentrations in sheep given different copper treatments are summarized in Fig. l . A significant treatment effect on liver copper concentrations was observed at weeks 4, 10,20 and 3l at P < 0'001 and week 50 at P < 0.01. The increases in liver copper concentrations were particularly marked for the groups given the l0 or 20 g copper oxide. The copper oxide supplement was superior to Cujec in raising liver copper concentrations; for the lower dose (9) 19 + 3(9) 12+2 (9) r2+r(9) 2.r+0.2(e) 2.2+0.3 (9) 14+3 (8) 16+3(9) 12+ l (8) 11 + l(9) 2.0+0.2(8) 1.9+0'3 (9) 10+6 (8) 13+5 (9) to17 of copper oxide,2'5g/animal, the difference was significant at P < 0'01 for weeks 4 and l0 and at P < 0'05 for week 20. The response in mean liver copper concentration to Cujec was not significantly greater (P > 0'05) than the mean value of the Nil group at any stage during the trial (see Fig. l) . A dose response in mean liver copper concentrations to copper oxide therapy was apparent at most stages of the trial. Responses to the 2.5 and 5 g CuO doses were similar, as were the responses to l0 and 20 g CuO doses. Copper therapy had no effect (P > 0'05) on copper concentrations in muscle or kidney tissues of sheep slaughtered at week 4 of the trial (Table 3 ). An estimate of the liver copper reserves of slaughtered sheep is also given in Table 3 , and this estimate is based on liver concentrations and total liver weight; the weight of fresh liver was 1'5f0:16ll (mean-ls.d. of 23 sheep) of liveweight and the liver had a dry matter content of 26+4.7/,. It is evident from Table 3 that the quantity of copper stored in the liver of sheep given oxidized copper wire, which is in excess of that stored in the liver of sheep in the Nil group, represented only a small fraction of the copper administered. 
where Cu,, is liver copper concentration (mmol/kg) at t, days after week 10 of the trial and Cu,o is the liver copper concentration at week 10. Equation I was estimated for each animal liver biopsied on the last four occasions, including week 10, and the linear decline was significant (P < 0'05) for all animals except for six-one in each of the Nil and 2' 5 g CuO groups and two in each of the Cujec and l0 g CuO groups.
The linear decline was significantly affected by copper treatment (P < 0.001), and the meants. 
Copper Particles in the Alimentary Tract
The mean and range of residual weights (g) of oxidized copper wire found in the abomasum and forestomach of sheep slaughtered at week 4 of the trial were: 2'0, l'2-2'5 (n : 4) for the 2'5 g CuO group; 2.7, 2.3-3-2 (n : 4) for the 5 g CuO group; 4.1,2.1'5.4(n: 3) for the l0g CuO group; 8.0,3.1-12.9 (n:3\ for the 20 g CuO group. The rumen contents of one of the four sheep examined in the 20 g CuO group were lost and hence the results for this animal were omitted. No oxidized copper wire particles were recovered from the forestomach or abomasum of the four animals examined in each of the Nil and Cujec groups. Histolog ical and Clinical Finding s Histological changes noted in liver samples from sheep slaughtered at week 4 included variable cloudy swelling and low-grade fatty metamorphosis of hepatocytes' scattered hepatocyte necrosis, moderate sinusoidal oedema and Kupffer cells reactivity' Kidney ,."iion, showed variable tubular degeneration and deposits of pigment' Sections of abomasum and duodenum showed varying degrees of mononuclear and eosinophil cellular infiltrations, epithelial damage and nematode parasitic elements were presenr. Liver and kidney changes were probably associated with nutritional stress as a result of parasitic damage to the intestinal tract' Nearly all samples of abomasum and duodenum showed variable evidence of parasitic abomastitis and enteritis. No consistent variation in the severity of microscopic changes could distinguish between and among the sheep of the six experimental groups' Histological evidence of acute copper toxicity was not seen' (9) 3.0+ l'0 2'4+0'9 60+20 Q+r4 60+12 2.498+0.101 2.581+O'2s4 2'484+0'062 PEP (10) GGT (5) cK (5) 2.9 tr.4(e) 49+6 2.509+0. The effect of copper treratment on serum enzymes was significant (P < 0'01) for pepsinogen activity at week 4 of the trial and for creatine kinase at week l0 lfaUte 4). Pepsinogen activity was lower (P < 0'05) in animals given the higher ioses of oxidiied copper wire than in animals from the Nil group. At week 10, serum creatine kinase activity in the animals each given 20 g CuO was higher (p < 0.05) than the activities recorded in animals given other copper treatments, except in those animals each given 2'5g CuO. Gamma glutamyl transpeptidase was unaffected by copper treatment (Table 4) ' The zinc status of the animals, as assessed by serum and tissue zinc concentrations (see Tables 3 and 4) , was not altered by copper treatment at any stage during the trial'
Discussion
This study establishes the usefulness of oxidized copper wire particles in raising the liver copper reserves of sheep. The response in liver copper concentrations is dose dependent when using doses of 2'5 to 20 g/animal. The lowest dose of 2'5 g CuO had greater efficacy than the commercial product, Cujec, in raising and maintaining liver copper stores.
In this study liver copper concentrations peaked l0 weeks after the start ofcopper treatment. Thereafter the liver copper concentrations fell in all groups, suggesting that the dietary copper was insufficient to meet the copper requirements of the animal. Although the copper concentrations in clover and supplements appeared adequate for sheep, the availability of this copper is affected by other dietary constituents, particularly molybdenum and sulfur (see Underwood 1977) . Molybdenum values as low as those observed in the present study have been shown to affect the availability of dietary copper (Suttle 1973) . During the period of mobilization of liver copper, pasture was in short supply and hence sheep probably had a high adventitious intake of soil. The ingestion of this soil with its added molybdenum ma! have reduced the availability of dietary copper (Suttle et al. 1975) .
Under conditions of our experiment the rate of mobilization of liver copper reserves from week 10 ofthe trial was linear and was dependent upon the liver copper feSerVes at week 10. In calves given diets of low copper content it was found that the mobilization rate of liver copper stores was also dependent upon the initial liver copper values, but the rate was exponential (McDonald et al. 1979 ). It appears that the copper economy of the ruminant is markedly influenced by existing copper reserves and that prolonged protection against copper inadequacy will not be achieved by boosting liver copper reserves to near-toxic concentrations.
Most compounds of copper are potentially toxic to ruminants, irrespective of the mode of introduction. Adverse reactions to subcutaneous injections of a commercial copper product 'copper calcium edetate' have been observed with cattle (Anon. 1979 (Anon. , 1980 . In the present study, doses of l0 or 20 g oxidized copper wire per animal resulted in a marked accumulation of copper in the liver. In groups given these two higher doses of CuO, six animals had liver copper concentrations in the order of 2026 mmollkg l0 weeks after treatment. Pope (1975) concluded from a review of the literature that most cases of copper toxicosis in sheep were associated with liver values greater than 8.0 mmol/kg and kidney values greater than 1 '5 mmol/kg, on a dry matter basis. No clinical signs of ill-health were observed in this study with sheep given the different doses of oxidized copper wire. Neither was the accumulation of copper in the liver accompanied by any histological signs of tissue damage at 4 weeks after copper oxide dosing; included in the sheep examined at this stage were three sheep with liver copper concentrations of between 16 and 2l mmol/kg. Thompson and Todd (1974) observed with copper poisoning in sheep that a sudden and dramatic rise in serum creatine kinase activity occurred at the time of haemolytic crises. The raised serum creatine kinase activity observed at week 10 with sheep given 20 g oxidized copper wire (see Table 4 ) is unlikely to be due to copper toxicity, since serum copper concentrations were normal and the serum activities of the liver enzyme, gamma glutamyl transpeptidase, were unaffected by copper therapy. Gamma glutamyl transpeptidase is located in the microsomes and in the canicular cells lining the bile ductules and ducts of the liver (Naftalin er a/. 1969). If there is toxic damage to the liver, it is expected that the activity of this enzyme will be increased in the serum owing to the release of membrane-bound enzyme or the induction of new enzyme synthesis in the microsomes. It is not possible to identify those sheep given the higher copper oxide doses that may have suffered mild haemolytic crises in the field since Merino sheep can survive several haemolytic crises (Gooneratne and Howell 1980)' About one-half of the oxidized copper wire dose was found in the abomasum and the forestomach of sheep 4 weeks after dosing. During the process of isolating oxidized copper wire particles remaining in the digestive tract it was noticed that a number of particles were present in the reticulo-rumen segment, with several having an unexpected shining metallic surface. Hitherto we observed that pieces of elemental copper Laving a residence period of 3 weeks in the reticulo-rumen will attain an intense blackened surface. In view of the present findings it is postulated that a .flowback' of particles had occurred from the abomasum in the course of removing the viscera from the carcass over about a 5-min period. This feature was confirmed by the introduction of oxidized wire particles at the distal end of the abomasum oi a recently killed sheep and the appearance of some of these particles in the reticulo-rumen within 5-10 min (D. w. Dewey, unpublished findings). A majority of the particles had lost their oxide coating within the milieu of the abomasum, which inevitably enhances the specific gravity of the particles. This is considered to be a further advantage, since it should increase the retention time (and hence the dissolution) of the particles in the acidic abomasal fluid. Only a few particles were to be found along the small intestine and a larger number were observed in the caecum. The solubility of the particles in this portion of the tract or subsequent copper absorption is unknown.
Because of the variation in the size of the copper wire particles used in this study the treated fragments varied in the degree of oxidation and hence in specific gravity' The optimum shape, mass and specific gravity of a particle which will have a rapid transii through the reticulo-rumen but be retained in the abomasum is not known' Elemental "opp.t wire (l mm diameter) particles with a mass of abott25 mg and a specific gtuuity of 8'9 were found to be ineffective as a source of copper in sheep @. J. nabidge, G. J. Judson and D. w. Dewey, unpublished observations) , since these particles were completely recovered from the reticulum 3 weeks after dosing. From other studies (Dewey 1977) if is known that copper oxide particles with a specific gravity of about 6 were retained in the abomasum of sheep'
The retention of oxidized copper wire particles in the abomasum did not damage the wall of this organ as assessed by histological inspection or by monitoring serum pepsinogen activity, which is thought to arise from pepsin formed in the abomasal *utt 1t"t Horne and Judson l98l). It may be speculated that the lower serum pepsinogen activities in sheeil given the higher copper oxide doses at week 4 of the irlat may have resulted from a slight anthelmintic effect of high copper concentrations in the abomasal fluid.
Interactions between copper and zinc have long been recognized in man and animals (see Kirchgessner e/ al. 1979) . Excess of one is often associated with diminution of the other in body fluids and tissues. In this study the presence of copper particles in the alimentary tract of sheep did not appear to affect the zinc status of the animal as assessed by serum and tissue zinc concentrations' our evidence supports the view that oral dosing of oxidized copper wire is a useful and safe alternative to a parenteral product for prophylaxis in ruminants' Determination of the optimum size of oxidized copper wire particles for retention in the abomasum should result in doses of less than the minimum dose of 2'5 g per sheep used in the present study having greater efficacy than commercial products in raising the copper status of sheep.
